The scoring model for the cross-link search algorithm was validated by the distributions of statistical score for true positives and false positives and receiver operating characteristic (ROC) analysis (Figure 3) . It can be seen that the scoring model was able to discriminate TPs from FPs, although there was some overlap between the two distributions. ROC analysis also indicated that the scoring model performed well for peptides with cross-links and was able to identify the majority of TPs with cross-links at a low false rate of (<10%).
Introduction
Identification of cross-links in proteins can provide useful information for protein structure, confirmation, and protein-protein interactions. Given the high resolution and mass accuracy of modern mass spectrometers, identification of intact cross-links in proteins and peptides by use of LC-MS/MS has become feasible. However, data processing can be complicated for tandem mass spectrometric data from proteins and peptides with cross-links. Here we describe a database search algorithm for identification of cross-links in proteins and peptides by use of tandem mass spectrometry. Proteins and peptides with cross-links can be directly identified with high confidence without chemical reduction and/or other derivatization. The algorithm is part of the software package, MassMatrix. It uses probabilistic scoring models to achieve highperformance identification of cross-links in proteins and peptides [1] [2] [3] . The cross-links that can be identified by the algorithm include disulfide bonds and all types of other cross-links.
Experimental
Horse heart Cytochrome C and the cross-linking reagent, BS 3 (bis[sulfosuccinimidyl] suberate), were prepared by dissolving in 1X phosphate buffer solution (pH 7.4). Cross-linking reactions were performed in 10:1 ratio of the cross-linker to the protein standard at room temperature for 30 min. The cross-linked protein sample was digested by trypsin with a substrate to enzyme ratio of 50:1 at 37°C for 2 h. Tryptic peptides were then extracted by 50% acetonitrile with 5% formic acids. High resolution and high mass accuracy nanoflow LC-MS/MS experiments were performed on a LTQ-FT mass spectrometer equipped with a nanoelectrospray ion source. The RAW data files were converted to mzXML and MGF files by use of MassMatrix data conversion tools (http://searcher.rrc.uic.edu/cgi-bin/mm-cgi/downloads.py). The mzXML files were searched against a limited custom protein database by use of the MassMatrix search software (http://searcher.rrc.uic.edu and http://www.massmatrix.net).
Results
The new generic database search algorithm for cross-links was developed based on the disulfide bond search algorithm in MassMatrix. The disulfide bond search algorithm has been published [2] and tested on peptide and protein standards with known disulfide bonds. All disulfide bonds in the standards were identified with high statistical scores by MassMatrix. The algorithm was also tested on bovine pancreatic ribonuclease A (RNaseA) [2] . The 4 native disulfide bonds in RNaseA were detected by MassMatrix with multiple validated peptide matches for each bond and high statistical scores. Fifteen nonnative disulfide bonds were also observed in the digest under basic conditions (pH = 8.0) which was mainly due to random disulfide bond interchange during digestion. After minimizing the disulfide bond interchange by dilute acid (pH = 6.0) during digestion, only one nonnative disulfide bond was observed [2] .
Validation of the generic cross-link search algorithm in MassMatrix The generic cross-link search algorithm in MassMatrix is capable of searching for any type of intact cross-links in proteins and peptides by use of LC-MS/MS data. The algorithm was tested by use of a data set collected on a LTQ-FT mass spectrometer for tryptic digest of Cytochrome C cross-linked by BS 3 . The tandem MS data set contained 1856 tandem mass spectra. The data set was searched against a database containing the Cytochrome C protein sequence along with decoy sequences. The decoy sequences included a reversed Cytochrome C sequence and twenty randomized Cytochrome C sequences. 81 spectral matches assigned to 17 peptides with the specified cross-link were identified by MassMatrix for the data set. These peptides can be assigned to 5 cross-links formed on Cytochrome C by BS 3 as listed in Table 1 . Each cross-link has multiple positive peptide matches (>4) with high statistical scores. Example spectral matches for the two peptides with intra-and inter-chain cross-links are shown in Figure 1 . The cross-link assignments were further verified by comparing with 3D structures of Cytochrome C as shown in Figure 2 . It can be seen that all identified cross-links were spatially plausible. Figure 1 . Representative MS/MS spectra obtained for two cross-linked peptides of Cytochrome C with (A) an intra-chain cross-link and (B) an inter-chain cross-link. 
